W ith the depletion of fossil fuels and global warming, there is an increasing need for renewable sources of clean energy and feedstock chemicals. Among various solutions, the reduction of CO 2 into formic acid is particularly attractive 1, 2 . In 2016, approximately 800,000 tonnes of formic acid (with a market value of US$516 million) were produced for industrial applications (for example, the textile industry). This demand is expected to increase with the development of efficient formic acid dehydrogenation catalysts in the context of a hydrogen economy 3 . While the reduction of CO 2 has been achieved using boranes 4 and silanes 5 as hydride sources, sustainable atom efficient processes involving hydrogen gas are far more desirable. Since the pioneering work of Inoue et al. in 1976 6 , the catalytic reduction of CO 2 with molecular hydrogen has been reported with a range of transition metal complexes. With catalysts based on noble metals 7 , including iridium, ruthenium, platinum and rhenium, turnover numbers (TONs) up to 3,500,000 have been reported 8 , but this is not the case with abundant and inexpensive first-row metals such as manganese 9 , iron 10, 11 , cobalt 12 , nickel 13 and copper [14] [15] [16] . The key steps of the metal-catalysed formic acid synthesis involve: (1) CO 2 insertion into a metal hydride; and (2) regeneration of the metal hydride with H 2 and concomitant formation of the formate. For the first step, copper has been known as one of the most efficient metals, as shown by the numerous copper-catalysed carboxylation reactions 17, 18 , but this metal has difficulties activating H 2 (Fig. 1a) . Consequently, few examples of copper-catalysed direct formate synthesis from CO 2 and H 2 have been reported. Ikariya and co-workers first reported a TON of 167 using Cu(ii) acetate and 1,8-diazabicyclo [5.4 .0]-undec-7-ene (DBU) 14 . Recently, Appel and co-workers showed that a copper hydride ligated by a tridentate phosphine scaffold can catalyse the same reaction with a TON of 500 (refs 15, 16 ). In addition to the difficulty in splitting H 2 , the authors suggested that the copper hydride is not stable as a monomeric species and tends to aggregate in solution, presumably leading to deactivation of the catalyst.
Here, we demonstrate the ability of stable copper hydride complexes to work in tandem with classical Lewis pairs (CLPs) [19] [20] [21] for the catalytic reduction of CO 2 to formate using H 2 . Through stoichiometric and catalytic reactions, we show that the probable mechanistic pathway involves insertion of CO 2 into a copper hydride bond to give a copper formate. The C-O bond of the copper formate is cleaved by H 2 , which is activated by the Lewis pair, giving back the copper hydride complex, and the formate salt. Note that although frustrated Lewis pairs (FLPs) are also known to reduce CO 2 , giving I 22, 23 , the subsequent cleavage of the B-O bond to regenerate the FLP is extremely endergonic, thereby preventing this process from being catalytic (Fig. 1b) 24, 25 .
Results
Stoichiometric reactions. We began our study by preparing a monoligated (CAAC 1 )CuH A 1 (note that CAAC = cyclic (alkyl) (amino)carbene) 26 by reduction of (CAAC 1 )CuOPh with pinacolborane at − 78 °C 27 (Fig. 2) . In situ trapping of A 1 by the subsequent addition of CO 2 at − 78 °C afforded the corresponding copper formate B 1 , which was isolated as a white solid in near-quantitative yield (Supplementary Methods 1 and Supplementary Fig. 1 ). Its structure was clearly established by a single crystal X-ray diffraction study (Supplementary Table 1 ). Note that monomeric copper hydrides are usually very unstable and tend to aggregate [28] [29] [30] , even with sterically demanding carbene ligands 31 , but we 32 and others 33 separately observed that monomeric copper hydrides can be stabilized as air-stable borane adducts (LCuH-BR 3 , where R = H, and C 6 F 5 ) 34 . Therefore, we checked that (LCuBH 4 ) C 1 H also reacted with CO 2 , and indeed we found that under 10 bar of CO 2 
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The reduction of CO 2 into formic acid or its conjugate base, using dihydrogen, is an attractive process. While catalysts based on noble metals have shown high turnover numbers, the use of abundant first-row metals is underdeveloped. The key steps of the reaction are CO 2 insertion into a metal hydride and regeneration of the metal hydride with H 2 , along with the concomitant production of formate. For the first step, copper is known as one of the most efficient metals, as shown by the numerous copper-catalysed carboxylation reactions, but this metal has difficulties activating H 2 to achieve the second step. Here, we report a catalytic system involving a stable copper hydride that activates CO 2 , working in tandem with a Lewis pair that heterolytically splits H 2 . In this system, unprecedented turnover numbers for copper are obtained. Surprisingly, through a combination of stoichiometric and catalytic reactions, we show that classical Lewis pairs outperform frustrated Lewis pairs in this process.
a known FLP using 1,2,2,6,6-pentamethylpiperidine (PMP) and tris(pentafluorophenyl)borane (BCF), which was reported to cleave dihydrogen at room temperature to afford 1 (ref. 35 ). Lastly, we reacted a stoichiometric amount of 1 with B 1 Supplementary Fig. 8 ). We attributed this signal to the borane-stabilized monomeric (CAAC 1 )CuH-BCF adduct C 1 C F 6 5 , which was subsequently characterized by X-ray crystallography (Supplementary Table 2 ).
Catalytic reactions.
Having shown the possibility of reducing CO 2 to formate using an FLP working in synergy with a borane-stabilized copper hydride, we then proceeded to evaluate this system under catalytic conditions. All the reactions were performed in an autoclave under the experimental conditions described in Table 1 and Supplementary Methods 3, and using the aforementioned airstable (CAAC 1 )CuH-BH 3 C 1 H complex. Surprisingly, we found that under catalytic conditions, true FLPs such as BCF and PMP are unable to work in tandem with the copper catalyst (entry 1). In contrast, we found that decreasing the steric hindrance of the base, and therefore forming a weakly frustrated FLP, allows for the reaction to occur, with DBU giving the best result (entries 2-4). We next evaluated the influence of the borane partner, and found that a less Lewis acidic borane lowers the TON (entry 5), while the absence of a borane additive slows down the catalysis (entry 6). We verified that the combination of B(C 6 F 5 ) 3 with DBU is inefficient to effectively catalyse this process in the absence of copper complex (entry 7). We found that in the presence of DBU, both (CAAC 1 )CuH-B(C 6 F 5 ) 3 C 1 C F 6 5 (entry 8) and the copper formate complex B 1 with B(C 6 F 5 ) 3 (entry 9) achieve CO 2 conversion to formate with similar TONs. As far as the ligand (L) is concerned, we tested CAAC 1-3 [36] [37] [38] , but also considered N-heterocyclic carbene ligands NHC 1-3 , and the best TON was obtained with CAAC 1 (entries 4 and 10-14). We also found the process to perform much less efficiently at lower temperatures (entries 15 and 16). Finally, lowering the catalyst loading by orders of magnitude (entries 17 and 18) afforded TONs up to 1,881.
Mechanistic studies. To better understand the superiority of the DBU/BCF combination, we carried out the following experiments. The addition of DBU to a dichloromethane solution of B(C 6 F 5 ) 3 led to the rapid formation of the Lewis pair 3 with a distinctive 11 B{ 1 H} NMR signal at − 7.6 ppm (Fig. 3 , Supplementary Methods 2, Supplementary Fig. 10 and Supplementary Table 4) . It is worth noting that the N-B distance in 3 is 1.61 Å, which is slightly shorter than the minimum distance for a Lewis pair to be frustrated (for example, 1.65 Å), as computationally determined by Stephan and co-workers 39 . While 3 cannot be considered an FLP under ambient conditions, it is known that elevated temperatures promote FLP-like reactivity for other classical Lewis acid-base adducts 40 . Even when the reaction was performed under forcing conditions (10 bar of H 2 and up to 100 °C), the [HDBU] [HBCF] salt 4 was not observed (Supplementary  Methods 2) . However, the FLP behaviour of 3 was demonstrated by its reaction with CO 2 (20 bar) at 100 °C in THF, which 15, 16 . b, Reactivity of FLPs with H 2 and CO 2 (refs [22] [23] [24] [25] ). gives 5 (Supplementary Methods 2 and Supplementary Fig. 11 ). Interestingly, as is the case in true FLPs, heating 5 in the absence of CO 2 cleanly re-afforded 3 (ref. 41 ).
Cu
From these results, we hypothesized that 3 and 4 are in equilibrium, but the formation of 4 is endergonic, which prevents its observation. Indeed, when a mixture of the copper formate B 1 and the Lewis pair 3 was subjected to 20 bar of H 2 at 80 °C in THF, we observed the concomitant formation of the copper hydride borane adduct C 1 C F 6 5 and HDBU formate salt (Fig. 4 and Supplementary  Methods 2) . Furthermore, we studied the reaction of C 1 C F 6 5 with 20 bar of CO 2 in the presence of DBU at 100 °C and observed the formation of the copper formate B 1 along with the Lewis pair 3 (probably the driving force of the process) and the CO 2 -Lewis adduct 5 (Supplementary Methods 2 and Supplementary  Fig. 13 ) Since 3 and 5 are in equilibrium (Fig. 3) , these two stoichiometric experiments support the catalytic cycle, involving the synergistic effect between (CAAC)-Cu-H and the DBU/BCF Lewis adduct.
Conclusion
In summary, we have shown that a stable copper hydride activating CO 2 , working in tandem with a Lewis pair as dihydrogen activator, brings together an efficient synergy for the catalytic reduction of CO 2 with H 2 . Research is ongoing in our laboratory to investigate 
whether such a synergy between a transition metal centre and a Lewis pair could be extended to other reactions.
Methods
All reactions were performed under an atmosphere of argon using standard Schlenk or dry box techniques unless otherwise noted. All solvents were dried and degassed using standard procedures. 46 and IPr**·HCl 47 
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